The engagement of membrane-bound Igs (mIgs) results in growth arrest, accompanied by apoptosis, in the WEHI-231 murine B lymphoma cells, a cell line model representative of primary immature B cells. Inhibitor of differentiation (Id) proteins, members of the helix-loop-helix protein family, functions in proliferation, differentiation, and apoptosis in a variety of cell types. In this study, we analyzed the involvement of Id protein in mIg-induced growth arrest and apoptosis in WEHI-231 cells. Following stimulation with anti-IgM, expression of Id3 was up-regulated at both the mRNA and protein levels; this up-regulation could be reversed by CD40L treatment. Retrovirus-mediated transduction of the Id3 gene into WEHI-231 cells resulted in an accumulation of the cells in G 1 phase, but did not induce apoptosis. E box-binding activity decreased in response to anti-IgM administration, but increased after stimulation with either CD40L alone or anti-IgM plus CD40L, suggesting that E box-binding activity correlates with cell cycle progression. WEHI-231 cells overexpressing Id3 accumulated in G 1 phase, which was accompanied by reduced levels of cyclin D2, cyclin E, and cyclin A, and a reciprocal up-regulation of p27 Kip1 . Both the helix-loop-helix and the C-terminal regions of Id3 were required for growth-suppressive activity. These data suggest that Id3 mimics mIg-mediated G 1 arrest in WEHI-231 cells.
T he elimination of high affinity self-reactive T and/or B cells most likely contributes to self-tolerance, an unresponsiveness to self Ags (1) . Although self-reactive immature B cells are eliminated by interactions of the BCR with self Ags, mature B cells initiate immune responses through the interaction of BCR with foreign Ags (2) (3) (4) . The molecular mechanism(s) that enables signaling through the same pathways to mediate distinct responses has remained largely unresolved. B lymphoma cell lines, such as WEHI-231 and CH31, serve as models of primary immature B cells to analyze the molecular mechanisms underlying BCR-mediated signaling resulting in G 1 arrest, followed by apoptotic cell death (5) (6) (7) (8) . Growth arrest and/or apoptosis in WEHI-231 cells following engagement of membranebound Ig (mIg) 3 could be prevented by interaction with T cells, T cell-derived products, including CD40L, or anti-CD40 mAb (9 -13) . Thus, these tumor cell lines provide a valuable model for analysis of B cell tolerance and the breakdown of tolerance by autoreactive T cells.
The basic helix-loop-helix (bHLH) family of transcription factors plays a critical role in cell differentiation, proliferation, and apoptosis in a variety of cell types, including lymphocytes (14 -17) . Recent gene-targeting experiments have demonstrated that E2A, a bHLH protein subfamily, is critical for lymphocyte development (17) (18) (19) . The E protein subset of bHLH proteins contains a highly conserved HLH dimerization domain and a DNA-binding basic region that binds a conserved E box motif (20) . Of the ubiquitously expressed proteins, the E2A proteins include E2-2, HEB, and the E2A gene products E12 and E47. Another category of E protein, the inhibitor of differentiation (Id) family, possesses four mammalian members: Id1-Id4 (14, 21) . Although Id proteins have highly homologous HLH domains, they function as negative regulators of other bHLH transcription factors: as these proteins lack a DNA binding domain, the formation of dimers with other bHLH protein prevents transcriptional activation in a dominant-negative fashion. Id proteins appear to promote cell cycle progression from G 1 to S phase, while inhibiting differentiation (15, 22) . Mature B cells from Id3-deficient mice demonstrate impaired proliferative responses to anti-IgM (23) . The stimulation of fibroblasts with serum or growth factors induces the transcription of Id1, Id2, and Id3 (24 -26) . In contrast, E2A proteins promote cell differentiation, while inhibiting cell growth (14, 27, 28) . E2A proteins are required for early lymphocyte development and isotype switching, a late event in B cell maturation (17, 29) . Contrary to the current notion that E2A inhibits G 1 progression, Zhao et al. (30) recently demonstrated that E2A can promote cell cycle progression in a subset of cell types. Thus, activities of E2A and/or Ids may be dependent on cell type and activation status.
The progression from G 1 to S phase in mammalian cells, including B cells, is strictly controlled by a set of cyclin-dependent kinases (CDKs) and their regulatory partners, cyclins (31) (32) (33) (34) . The D-type cyclins (cyclin D1, D2, and D3) are required for passage through the restriction point in late G 1 , the point at which cells become committed to division irrespective of the mitogenic stimuli. Cyclins E and A are required for the initiation of S phase. Although cyclins E/A bind CDK2, the D-type cyclins bind and activate CDK4 and CDK6. The retinoblastoma gene product is the target of the G 1 -specific CDK/cyclin complexes (35) . CDK activity is regulated by CDK inhibitors (CKIs), including the Cip/Kip proteins (p21 Cip1 , p27 Kip1 , and p57 Kip2 ) (32) . These Cip/Kip proteins inhibit both D cyclin-CDK4/6 and A/E cyclin-CDK2 complexes. The down-regulation of cyclins, accompanied by an upregulation of p27 Kip1 , follows mIg engagement in WEHI-231 cells (33, 34) .
In this study, we examined the involvement of E2A/Id3 transcription factors in mIg-mediated growth arrest and apoptosis in WEHI-231 cells. Surprisingly, treatment with anti-IgM induces an immediate and sustained increase in Id3 expression at both the mRNA and protein levels, which most likely promotes cell cycle progression. WEHI-231 cell lines overexpressing Id3 accumulate in G 1 phase, probably mediated by the down-regulation of several cyclins, including cyclin D2, with an up-regulation of p27 Kip1 . Our observations provide insight into the molecular mechanisms underlying mIg-mediated activation or inactivation of B lymphocytes through Ag receptor signaling.
Materials and Methods

Cell culture
WEHI-231 cells were maintained at 37°C in 5% CO 2 in RPMI 1640 medium supplemented with 10% FBS, 50 M 2-ME, and 100 g/ml kanamycin. WEHI-231 cells were cultured with anti-IgM mAb (rat IgG, Bet-1) (a gift from W. Paul, National Institutes of Health, Bethesda, MD), control irrelevant anti-CD4 mAb (rat IgG, GK1.5) (American Type Culture Collection, Manassas, VA), or medium alone for the indicated times, in the presence of either irradiated (40,000 rad) CD40L-expressing Chinese hamster ovary (CHO) cells (36) (a kind gift from H. Yagita, Juntendo University, Tokyo, Japan) or control CHO cells.
Northern blot analysis
Total RNA was isolated from WEHI-231 cells stimulated with anti-IgM alone, CD40L alone, or the combination of both stimuli using TRI REAGENT (Sigma-Aldrich, St. Louis, MO), according to the manufacturer's instructions. RNA samples were run on 1% agarose gels and transferred to nylon membrane, as described previously (37) . Filters were prehybridized with a buffer (0.25 M Na 2 HPO 4 , pH 7.2, 7% SDS) and then hybridized for at least 12 h with 32 P-labeled DNA probes (350-to 750-bp fragments) at 65°C. The fragments were generated using primers specific for E2A, Id3, or GAPDH (primer sequences available upon request). After hybridization, free probe was removed by washing. Radioactive labeled fragments were detected by autoradiography.
Western blot analysis
Cells were solubilized in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, 1 g/ml leupeptin, 1 g/ml aprotinin) on ice for 30 min. Protein concentrations were measured using Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA). Equivalent amounts of protein were separated on 8 -18% SDS-PAGE, and detected by Western blotting, as described (38) . Anti-CDK4 (C8218), anti-CDK6 (C8348), anticyclin A (C4710), anti-cyclin D2 (C7339), anti-cyclin E (C4976), and antiactin (A2066) were purchased from Sigma-Aldrich; anti-Id2, anti-Id3 (66701A), anti-E47 (13341A), and anti-CDK2 were obtained from BD Biosciences (San Jose, CA); while anti-V5 mAb was acquired from Invitrogen Life Technologies (Carlsbad, CA). Following incubation of blots with the indicated primary Abs, membranes were washed extensively. Bound Ab was detected with HRP-labeled goat anti-rabbit IgG or HRPlabeled goat anti-mouse IgG (Cappel, Aurora, OH). Following several washes, membrane-bound HRP-conjugated Ab was visualized by ECL, according to the manufacturer's recommendations (Amersham Biosciences, Buckinghamshire, U.K.). The intensity of each band was measured using densitometer (NIH Image).
Construction of retroviral vectors
The cDNA for mouse Id3 was generated by RT-PCR using mouse Id3specific primers. The cDNA sequence was confirmed by sequence analysis. Id3 was introduced into the retroviral vector pMX-IRES-GFP (39) (a kind gift of T. Kitamura, Institute of Medical Science, University of Tokyo, Tokyo, Japan), upstream of an internal ribosomal entry site (IRES) controlling expression of GFP. The GFP-encoding sequence was replaced by a cDNA encoding enhanced GFP (EGFP) (BD Biosciences), to create pMX-Id3-IRES-EGFP (pMX-Id3/EGFP).
Retrovirus production and transduction
Recombinant retrovirus was produced by transient transfection of the Phoenix-ecotropic packaging cell line (NX) (a kind gift from G. Nolan, Stanford University, Stanford, CA) using FuGene-6 transfection reagent (Roche, Indianapolis, IN). Viral supernatants were harvested 24, 48, and 72 h after transfection, and stored at Ϫ80°C until use. Supernatants were incubated with 10 g/ml hexadimethrine bromide (Sigma-Aldrich) on ice for 10 min just before infection. A modified version of a spin transduction method described by Kotani et al. (40) was used to infect cells. Briefly, cells (1 ϫ 10 5 /well) in 24-well plates were centrifuged with 0.5 ml of the viral supernatants at 1200 ϫ g at room temperature for 90 min. After removal of the viral supernatants, cells were cultured with complete RPMI 1640 for the indicated periods before experimentation.
Flow cytometric analysis of apoptosis and cell cycle phase
Apoptosis and/or cell cycle phase were evaluated by flow cytometric analysis, as described (38) . Briefly, cells were fixed in 70% ethanol at 4°C for 30 min, incubated with 500 g/ml RNase at 37°C for 30 min, and then stained with propidium iodide (PI; 50 g/ml). Sample DNA content was analyzed by flow cytometry (FACSCalibur; BD Biosciences). The proportion of cells in different cell cycle phases and undergoing apoptosis was calculated as percentages from statistics generated using CellQuest software (BD Immunocytometry Systems, San Jose, CA). When indicated, apoptosis was also evaluated using an annexin V-Cy5 apoptosis detection kit, according to the manufacturer's instructions (Bio Vision, Mountain View, CA). Cells infected with a retrovirus encoding either Id3/EGFP or EGFP alone were cultured for the indicated times: cells positive for EGFP expression were then sorted using a FACSCalibur cytometer, followed by analysis of DNA content.
EMSA
The 32 P-labeled oligonucleotide probe containing the Oct1 or E5 site was incubated on ice for 40 min with 1 g of protein from WEHI-231 nuclear extracts and 0.5 g of poly(dI-dC) in 20 l of binding buffer (10 mM HEPES, pH 8.0, 50 mM KCl, 1.25 mM MgCl 2 , 0.1 mM EDTA, 0.5 mM DTT, 10% glycerol). The sequence of the oligonucleotide was described, as previously described (41) . For competition assays, either wild-type (WT) (AGCTGCTGCAGGTGTTCTTCGA) or mutant (AGCTGCT GACGGGTTTCTTCGA) oligonucleotides were added to the mixture of labeled E5 probe and nuclear extracts. Samples were analyzed by 5% nondenaturing PAGE and visualized with a BAS 2000 bioimaging analyzer (Fuji, Minato-ku, Tokyo, Japan). In some experiments, the nuclear extracts were preincubated with Abs for 40 min before incubation with labeled DNA. Anti-E2A mAb (IgG1) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA); control irrelevant anti-TLR10 mAb (IgG1) was from Imgenex (San Diego, CA); and goat anti-E2-2 Abs were from Abcam (Cambridge, U.K.).
Generation of stable lines overexpressing Id3
WEHI-231 cells were transduced with pMX-Id3/EGFP or pMX-EGFP retrovirus. After incubation with culture medium, several transformants were generated, followed by limiting dilution to obtain individual clone.
Deletion mutants of Id3
WT and mutant Id3 constructs with an N-terminal FLAG were generated by PCR. Resulting PCR products were subcloned into p3xFLAG-CMV-10 (Sigma-Aldrich). The sequences of the generated constructs were confirmed by nucleotide sequencing. These constructs were then transferred into the retroviral vector: WT and Id3-expressing retroviruses were produced, as described above. The biological activities of both the WT or mutant FLAG-tagged Id3 retroviruses were evaluated by their ability to influence growth of WEHI-231 cells.
Statistical analysis
Data were expressed as means Ϯ SD for each experimental condition. Statistical significance was determined by Student's t test. A value of p Ͻ 0.01 was considered to indicate statistically significant differences. FIGURE 1. The kinetics of E2A and Id3 expression in WEHI-231 cells following stimulation with anti-IgM, CD40L, or anti-IgM and CD40L together. A, WEHI-231 cells were stimulated with 10 g/ml anti-IgM or control medium alone for the indicated times in the presence of either CD40Lexpressing or control CHO cells. mRNA expression levels for E2A, Id2, Id3, or control GAPDH were determined by Northern blot. B, Id3 and actin protein levels were assessed by Western blot, as described in Materials and Methods. E2A, Id2, or Id3 expression levels were normalized to GAPDH (for mRNA) or actin (for protein) signals and expressed as the fold over the levels of E2A, Id2, or Id3 seen in unstimulated cells. Blots representative of three to four independent experiments are shown.
Results
Anti-IgM induces an up-regulation of Id3, which can be reversed by coincubation with CD40L
Culture of WEHI-231 B lymphoma cells with 10 g/ml anti-IgM in the presence of irradiated CHO cells induced G 1 arrest and/or apoptosis. mIg-induced growth arrest could be reversed by coincubation with irradiated CHO cells expressing CD40L (K. Hata, unpublished observation), as reported previously (12, 13) . As E2A and Id family members are involved in cell proliferation, differentiation, and apoptosis (14, 15, 17) , we examined the levels of E2A and Ids expressed in WEHI-231 B lymphoma cells by Northern blot following mIg engagement. E2A expression was initially down-regulated by anti-IgM, followed by a small rise at 8 h (1.8fold), but was up-regulated at low levels following CD40L stimulation, peaking at 2 h (1.8-fold increase) and then declining after 24 h (1.4-fold), when normalized to the GAPDH loading controls (Fig. 1A ). Combined stimulation with anti-IgM and CD40L resulted in E2A levels below those seen in unstimulated cells. In contrast, we observed a transient up-regulation of Id3 expression at 2 h after anti-IgM stimulation, which leveled off at 4 h, only to increase again to 24 h to reach levels 5-fold greater than that seen in unstimulated cells. Id3 expression was down-regulated by treatment with either CD40L or anti-IgM plus CD40L (Fig. 1A) . The anti-IgM-induced up-regulation of Id2 mRNA was transient, returning to baseline levels 8 h after stimulation. The treatment with CD40L, which reverses anti-IgM-induced growth arrest in WEHI-231 cells (12, 13) , also up-regulated Id2 mRNA expression ( Fig.  1A) . Neither Id1 nor Id4 mRNA was detectable in WEHI-231 cells (K. Hata, unpublished observation).
We analyzed the kinetics of Id3 expression after anti-IgM stimulation by Western blotting, because anti-IgM-induced up-regula-tion of Id3 mRNA expression appeared to correlate with the growth inhibition. Anti-IgM treatment induced the up-regulation of Id3 protein only marginally at 10 h and substantially at 24 h after stimulation, while either CD40L alone or CD40L plus anti-IgM caused the down-regulation of Id3 (Fig. 1B) , when normalized to the actin-loading controls, as observed by Northern blot analysis. Stimulation with control irrelevant mAb (anti-CD4) had no effect on the expression of both E2A and Ids (K. Hata, unpublished observation). Together, the up-regulation of Id3 expression at both the mRNA and protein levels appears to correlate with the growth inhibition induced by anti-IgM treatment, which can be abolished by costimulation with CD40L.
Id3 induces the accumulation of cells in G 1 phase
Cell growth is regulated by the balance between cellular proliferation and cell survival/death. Then we examined the effect of Id3 on cell cycle progression and cell survival using the pMX-Id3/ EGFP retroviral vector (39) . This vector contains a bicistronic mRNA encompassing the Id3 and EGFP genes controlled by the long terminal repeat promoter. WEHI-231 cells were transduced with retrovirus encoding either Id3/EGFP or EGFP alone: EGFP expression was monitored by flow cytometry. After transduction, the proportion of EGFP-positive cells in the population transduced with control EGFP remained constant up to 5 days after infection, whereas the proportion of Id3/EGFP-transduced cells decreased with time ( Fig. 2A) . These results suggest that Id3 induces growth inhibition in WEHI-231 cells. There were no apparent differences in the percentages of annexin V-positive cells between cells transduced with either control EGFP or Id3/EGFP: a comparable proportion of apoptotic cells was obtained in both groups following FIGURE 2. Retroviral transduction of the Id3 gene into WEHI-231 cells results in growth arrest, but not apoptosis. A, WEHI-231 cells transduced with a retrovirus containing either Id3/EGFP or control EGFP alone were cultured for 5 days. The ratio of EGFP-positive cells was measured by flow cytometry and expressed as the percentage of EGFP-positive cells at the indicated day divided by the percentage of EGFP-positive cells at day 1. B, Cells transduced with a retrovirus encoding Id3/EGFP or control EGFP alone were cultured with 10 g/ml anti-IgM or medium alone for 48 h. Cell samples were then stained with annexin-Cy5, followed by flow cytometric analysis. C, EGFP-positive cells were isolated from the retrovirally transduced cells by fluorescence-activated cell sorting: cell cycle analysis was evaluated by PI staining method. D, The percentage of cells in G 1 , S, and G 2 /M phase was determined by dividing the number of cells in G 1 , S, and G 2 /M by the total number of cells, multiplied by 100. The results are represented as a percentage Ϯ the SD from four independent experiments (D). ‫,ء‬ Significantly different from cells transduced with control EGFP alone. stimulation with anti-IgM ( Fig. 2B ), suggesting that Id3 alone cannot induce apoptosis in WEHI-231 cells.
To examine the effect of Id3 on cell cycle progression, we sorted EGFP-positive cells from the control EGFP-and Id3/EGFP-transduced cells. PI staining (Fig. 2C ) revealed that the proportion of cells in G 1 phase increased in Id3/EGFP-transduced cells in comparison with control EGFP-transduced cells (Fig. 2D) . These findings suggest that Id3 induces growth arrest by reducing the number of cells entering the G 1 to S phase transition.
Anti-IgM reduces E box-binding activity, which can be reversed by coincubation with CD40L
Ids form heterodimers with E proteins, resulting in a decrease in E box-binding activity (15) . We therefore examined E box-binding activity by EMSA following stimulation with anti-IgM or CD40L. Incubation of a labeled probe containing an E box site with nuclear extracts from WEHI-231 cells detected a single E box-protein complex (Fig. 3A) , as reported by Bain et al. (41) . Formation of this complex was inhibited by WT, but not mutant, oligonucleotides ( Fig. 3A ), suggesting that a nuclear protein binds specifically to the E box motif. Furthermore, consistent with the observation that the predominant E box-binding species comprises E47 homodimers (42) , addition of Ab with specificity for E2A resulted in a complete disruption of the complex formation ( Fig. 3B ). Conversely, Abs directed against related bHLH protein E2-2 did not interfere with E box-binding activity.
E box-binding activity was reduced immediately after stimulation with anti-IgM, whereas CD40L administration potentiated this activity, when noralized to the Oct1 controls ( Fig. 3, C and D) . Simultaneous addition of anti-IgM and CD40L resulted in an initial decrease in the E box-binding activity between 1 and 4 h, followed by a gradual increase in activity peaking at 24 h after stimulation (3.5-fold increase from the levels observed for cells treated with medium alone). These results suggest that E box-binding activity correlates with cell growth in WEHI-231 B lymphoma cells following stimulation with anti-IgM, CD40L, or anti-IgM with CD40L.
WEHI-231 cell lines overexpressing Id3 accumulate in G 1 phase
To further examine the potential role for Id3 in cell cycle progression, we established WEHI 231 cell lines overexpressing Id3 through retroviral transduction of either pMX-Id3/EGFP or control pMX/EGFP. Two cell lines, Id3/EGFP-4 and -43, displayed elevated levels of Id3 protein in comparison with two clones expressing EGFP alone, EGFP-3 and -5 (Fig. 4A ). Both lines (Id3/EGFP-4 and -43) contained an increased proportion of cells in G 1 phase in comparison with the WT cells and those transfected with control EGFP alone (Fig. 4B) . As expected, cell lines expressing high levels of Id3 exhibited a diminished E box-binding activity in comparison with cells expressing EGFP alone (Fig. 4C) . These results suggest that Id3 inhibits the progression of WEHI-231 cells from G 1 to S phase.
Cyclin D2, cyclin A, and cyclin E proteins are down-regulated in Id3/EGFP-expressing cell lines, whereas p27 Kip1 protein is up-regulated
The transition from G 1 to S phase in mammalian cells involves a set of nuclear proteins, including cyclins, CDKs, CKIs, and retinoblastoma gene product proteins (32) (33) (34) . We determined the expression levels of these proteins in cell lines overexpressing either Id3/EGFP or EGFP alone by Western blotting. The expression of cyclin D2, cyclin A, and cyclin E in Id3/EGFP cell lines was substantially down-regulated, whereas that of CDK4 and CDK6 was comparable to that seen in control EGFP-expressing cell lines (Fig. 5 ). The levels of CDK2 proteins produced by one (Id3-4) of the two Id3-expressing cell lines were unaltered in comparison with the control EGFP-expressing cell lines, while expression was severely decreased in the other cell line (Id3-43). In contrast, p27 Kip1 expression was markedly elevated in both Id3-expressing cell lines, in comparison with cells transduced with EGFP alone. Thus, Id3-mediated down-regulation of cyclin D2, cyclin A, and cyclin E, together with the up-regulation of p27 Kip1 , functions in Id3-mediated G 1 growth arrest/retardation. 
Both the HLH and the C-terminal portions of Id3 protein are responsible for Id3-mediated growth arrest
To identify the region of Id3 responsible for mediating growth arrest, we prepared several deletion mutants of the Id3 gene, as described by Chen et al. (43) . The N-terminal region (aa 2-40), the HLH region (aa 41-80), the C-terminal region (aa 81-119), and various combinations of these domains were fused to the FLAG tag and introduced into retroviral vectors (Fig. 6A) , as described in Materials and Methods. Retroviruses containing various regions of the Id3 gene were transduced into WEHI-231 cells: EGFP expression was monitored by flow cytometry. Western blotting analysis demonstrated that the various mutant forms of Id3 were expressed to almost the same levels, except Id3⌬C with a slightly lower level than WT Id3 in WEHI-231 cells (Fig. 6B ). Although the Id3⌬40N mutant exhibited a slightly stronger activity to inhibit cell growth than WT Id3, the other Id3 mutants (Id3/⌬39C, Id3⌬HLH, Id3⌬40N/HLH, and Id3⌬40N/39C) failed to inhibit growth (Fig.  6C) . A mutant Id3 in which serine 5 was replaced with an aspartate 5 retained the capacity to inhibit cell growth (K. Hata, unpublished observation). These results suggest that both the HLH and C-terminal regions of Id3 are required for Id3-mediated growth inhibition. Consistent with this notion, a mutant form of Id3 (Id3Pro 49 ) (44) reported to alter the molecule's helical structure failed to inhibit cell growth ( Fig. 6C ), suggesting that Id3mediated growth inhibition requires the HLH region, probably through activity influenced by heterodimerization.
Discussion
The engagement of mIg on the B lymphocyte cell surface can result in either activation (proliferation) or inactivation (anergy or apoptosis), depending on several factors, such as B cell maturational stage, the strength of mIg cross-linking, and the presence/ absence of costimulator molecules, including CD40L (2-5). Immature B cells are more sensitive to Ag-induced tolerance than mature B cells (2) . WEHI-231 B lymphoma cells serve as a cell line model of primary immature B cells, often used as a model system to analyze mIg-mediated tolerance (10, 45) . After the engagement of mIg, these cells undergo cell cycle arrest and eventual apoptosis. Coengagement of CD40 on B cells can reverse mIgmediated cell cycle arrest (9, (11) (12) (13) . E2A proteins belonging to the HLH family play a crucial role in B lymphocyte development, while Id proteins inhibit it (14, 15, 22) . At a more basic level, Id proteins promote cell cycle progression (46) , while E2A proteins impair it (17, 27, 28) . Contrary to this notion, however, Zhao et al. (30) recently revealed that E2A proteins promote cell cycle progression in a subset of cell types. Moreover, Id2 is required for commitment to marginal zone B cells (47) . Thus, the function of Ids might also depend on cell type and cellular activation status. In this study, WEHI-231 cells were used to examine the role of E2A/ Id3 proteins in mIg-mediated growth inhibition of immature B cells.
The engagement of mIg on the surface of WEHI-231 cells resulted in a rapid up-regulation of Id3 mRNA, as has been reported in other cell types (15, 24) . The enhanced levels of Id3 mRNA were sustained up to 24 h with only a small decrease at 4 h. The enhanced expression of Id3, however, could be abolished by coincubation with CD40L ( Fig. 1A) . In contrast, Id2 mRNA was transiently up-regulated by both anti-IgM and CD40L. Neither Id1 nor Id4, however, was identified by RT-PCR in WEHI-231 cells following any of the examined stimuli (K. Hata, unpublished observation). In agreement with our findings, TGF-␤ both inhibited the growth of B lymphocyte progenitors and induced Id3 expression (48) . Together, although the expression of Id2 mRNA is transiently up-regulated by either anti-IgM or CD40L, the expression of Id3 mRNA is enhanced only by anti-IgM, suggesting that the up-regulation of Id3 mRNA appears to correlate with growth inhibition of B lineage cells, including the WEHI-231 model of immature B cells.
The amount of cell growth is determined by the balance between cell proliferation and cell survival/apoptosis. Id proteins appear to promote cell cycle progression or apoptosis (16, 23, 46, 49, 50) , while E2A proteins inhibit cell cycle progression (27, 28) . Transient transfection of Id3 resulted in apoptosis of rat embryonic fibroblasts in culture medium deprived of serum (16) . Massive thymic apoptosis was observed in Id1-transgenic mice (50) . In contrast, retroviral transduction of the Id3 gene into WEHI-231 cells resulted in an accumulation of cells in G 1 phase, but did not induce apoptosis (Fig. 2, B and D) . E box-binding activity correlates well with the pattern observed for cell cycle progression in WEHI-231 cells; E box-binding activity was enhanced by CD40L treatment, but decreased following either exogenous Id3 expression or anti-IgM stimulation (Fig. 3, C and D) . Zhao . WEHI-231 cells transduced with a retrovirus encoding either Id3/EGFP or control EGFP were selected in the RPMI 1640 medium. Individual clones were obtained by limiting dilution. A, WT WEHI-231 cells or transformants (Id3, 4, and 43; control EGFP, 3, 5, and 12) were assayed for Id3 and actin protein expression by Western blotting. B, Cell cycle distribution of the transformants was determined by flow cytometry, as described in Fig. 2C . C, We also determined the E box-binding and octamer-binding activity of the nuclear extracts from the transformants, as described in Fig. 3B . One representative experiment of three is shown.
reported that E2A promotes cell cycle progression, while a dominantnegative form inhibits it in the pre-B cell line. These contradictory findings suggest that Id3 protein function differs depending between cell types and/or cellular maturational stages.
Immature B cells are susceptible to self Ag-induced apoptosis or anergy, while mature B cells proliferate following stimulation with foreign Ags (2) (3) (4) . Mature B cells from Id3-deficient mice failed to proliferate in response to anti-IgM, while these cells exhibit proliferative responses comparable to primary WT B cells in response to LPS or CD40L (23) . Mature T cells from Id3-deficient mice demonstrated equivalent proliferative responses to anti-CD3 mAb stimulation as those from WT mice (23) . These results suggest that Id3 plays a crucial role in mIg-mediated proliferative responses in mature B cells. In contrast, WEHI-231 cells, a model for primary immature B cells, underwent growth inhibition following the engagement of mIgs or the ectopic expression of Id3 (5, 7, 10) (Figs. 2, C and D, and 4B) . These data suggest that Id3 may contribute to the distinct fate of immature vs mature B cells following mIg engagement. Additional experiments will be required to address this hypothesis.
The G 1 to S phase transition is regulated, at least in part by cyclins/CDKs and CKIs in mammalian cells (32) (33) (34) . WEHI-231 cells overexpressing Id3 (Id3-4 and -43) displayed growth retardation, in comparison with WT and control EGFP-transduced cells; this retardation appeared to result from a prolonged time in G 1 phase (Fig. 4, A and B) . One of the Id3-overexpressing cell lines (Id3-43) proliferated despite a marked down-regulation of CDK2 (Fig. 5 ), thought to be essential in mammalian cell cycle progression through the G 1 /S phase transition. These findings are consistent with recent observations detailing that CDK2 is dispensable for mitotic cell division (51, 52) . Id3-mediated growth inhibition might be accounted for in part by the reduced expression of cyclin D2, cyclin A, and cyclin E, together with the up-regulation of p27 Kip1 (Fig. 5 ). Anti-IgM stimulation also caused WEHI-231 cells to up-regulate p27 Kip1 expression, associated with a downregulation in the expression of cyclins, including cyclin D2 (33, 34) , suggesting that the activity of anti-IgM is partially mimicked by Id3. Consistent with our findings, Zhao et al. (30) recently reported that a dominant-negative form of E47 decreased the expression of cyclins D2, D3, and A. Id3-mediated reduction of E box-binding activity (Fig. 4C ) may contribute to the changes in cyclin expression. We cannot formally exclude, however, the possibility that these changes are the indirect effects of a signal transduction pathway resulting from decreased cell cycle progression.
Id proteins, lacking the DNA-binding basic region of the HLH protein, function as negative regulators of other bHLH FIGURE 5. Decreased expression of several cyclin genes accompanied by an increased expression of p27 Kip1 gene in WEHI-231 cells expressing Id3. WT, Id3-expressing, or control EGFP-expressing cells were assayed for the expression of CDKs (-2, -4, and -6), cyclins (-D2, -A, and -E), and p27 Kip1 by Western blotting. Expression levels were determined, as described in Fig. 1B . One representative experiment of three is shown. FIGURE 6. Requirement of both the Id3 HLH and the C-terminal regions for the Id3-mediated growth inhibition. A, A schematic representation of Id3 (WT and Pro 49 mutant) and various deletion constructs tagged with an N-terminal FLAG; deletion of the C terminus (Id3⌬C), the C and N termini (Id3⌬N/C), N terminus (Id3⌬N), the N terminus and HLH domain (Id3⌬N/HLH), or the HLH domain alone (Id3⌬HLH) is shown. B, Retroviruses encoding the Id3 or the indicated deletion constructs were transduced into WEHI-231 cells, as described in Fig. 2A . Expression of various deletions of Id3 in the retrovirally transduced cells was determined by Western blotting. C, The retrovirally transduced cells, as described in B, were cultured for the indicated times after infection: the proportion of EGFP-positive cells was determined, as described in Fig. 2A . One representative experiment of three is shown. proteins through hetrodimer formation (14, 15) . Formation of mixed hetrodimers results in the failure of bHLH transcriptional regulators to bind DNA. In addition, Id3 proteins can also associate with non-HLH proteins, including Pax-5 and the ternary complex factor subfamily of ETS-domain proteins (53, 54) . Deletion mutants of Id3 gene revealed that both the HLH and C-terminal regions are required for Id3-induced growth inhibition ( Fig. 6C ). As the expression levels of a mutant Id3 protein lacking the C-terminal region were slightly lower than those of WT Id3 protein (Fig. 6B) , the C-terminal region appeared to contribute to the stability of Id3 (43) . Moreover, growth inhibition was not observed following expression of a Pro 49 mutant of Id3 gene, which failed to heterodimerize with other bHLH protein targets (44) . These data suggest that Id3-mediated growth inhibition requires heterodimerization.
Following mIg engagement, WEHI-231 B cells undergo growth arrest in G 1 phase, accompanied by an immediate and sustained elevation of Id3 expression at both the mRNA and protein levels. Costimulation with CD40L reverses anti-IgM-induced G 1 arrest, associated with concomitant down-regulation of Id3. Ectopic retroviral transduction of Id3 gene also results in growth arrest. Id3 thus mimics anti-IgM-mediated prevention of cell growth in WEHI-231 cells. Our findings thus provide valuable information furthering our understanding of mIg-mediated unresponsiveness in B cells.
